This new method creates a diffusion barrier layer by utilising the melt generated in the area of contact between components, also called the weld nugget in a resistance spot welding process. The current-controlled spark plasma sintering process bonds the solid workpieces in a fraction of the time required to fabricate interphase layers using powder components with the common temperature-controlled spark plasma sintering. The substantially reduced time of bonding compared to previous methods is beneficial to the thermoelectric properties of materials due to their limited exposure to high temperatures, which occasionally are much higher than the operating temperatures of devices. This work introduces a rapid and efficient bonding technique that can be applied to a wide variety of materials.
Introduction
The growing influence of climate change [1, 2] has triggered environmentally friendly energy generation plants while also increasing their efficiency [3] [4] [5] [6] . Thus, thermoelectric generators (TEG) have attracted industry and research interest due applications in order to connect the conducting electrode to the thermoelectric material [14] . Due to the strong reactions and diffusion of elements at the contact at high operating temperatures, however, new bonding methods need to be adopted to meet critical contact requirements, including low resistivity, high temperature stability, and reproducibility of the diffusion barrier structure [15] . Powder consolidating equipment, such as in hot pressing (HP) and electric-current-assisted sintering methods such as spark plasma sintering (SPS), has been used to form reliable contacts [16, 17] . It is the latter technology; however, that is drawing more attention due to its two notable advantages of low sintering temperatures and short consolidation time compared to HP. These advantages achieved in SPS are caused by the intrinsic electrical current in the apparatus, which via Joule heating and under a uniaxial force on the sample produces high density bulk products with improved mechanical properties [18] . Nickel electrode has been bonded directly to PbTe and formed a diffusion barrier layer composed of ␤ 2 Ni 3±x Te 2 phase, using the commonly practiced temperature-controlled SPS method [19] . We have previously bonded PbTe to Ni using a "one-step" method that simultaneously sintered the PbTe powder and generated a thick 27 m interlayer at the contact with the Ni electrode [19] . This layer solely consists of Ni 3 Te 2 , which proved to effectively withstand a high temperature ageing process. In order to achieve low contact resistance and therefore improve the total performance of the TEG [15] , we then joined Ni to PbTe via a bulk solid-state reaction that resulted in a 7 m interlayer of Ni 3 Te 2 [20] . Observations of large oscillations in the current and voltage, however, appeared to show a negative effect on the final product, generating cracks and porosity in the thermoelectric material. In the current study, we present a new diffusion bonding approach, where the applied electrical current is controlled during spark plasma sintering, instead of the commonly practiced temperature-controlled method. This new approach eliminates oscillations in the current during the process of joining the thermoelectric material to the metal electrode and greatly reduces the required sintering time for the fabrication of the sample. This aids the quality of thermoelectric material through a reduction in cracking and porosity due to the short exposure to Joule heating. Moreover, the successful formation of an effective thin diffusion barrier approximately 3 m in thickness that is composed solely of Ni 3 Te 2 is anticipated to minimise the contribution of electrical contact resistance to the total efficiency of the final thermoelectric generator. The process for joining the PbTe disks to the Ni plate was conducted via bonding of solid pieces under uniaxial pressures of 10, 20, and 30 MPa in vacuum with different holding times. The faying surfaces were mechanically polished down to a 1 m surface roughness prior to the bonding procedure. The equipment utilised for the joining of the materials was a Thermal Technology LLC SPS 10-4 with a modified assembly, as detailed in our previous work [20] and illustrated in Figure 1 of the Supporting Information. This new assembly entails the elimination of the graphite die, hence forcing the electrical current to pass through the PbTe and Ni workpieces, and the contact area between them.
Materials and methods
The commonly practiced SPS method uses the thermocouple temperature reading to adjust the electrical current required to sinter the initial powders. In comparison, the current study involves direct control of the electrical current by bypassing the original proportional-integral-derivative (PID) controller for temperature-controlled processes and using DC current of 250 A for the bonding. It is worth noting that the equipment's PID controller has a theoretical 6% error at the low currents used in the present study, since this specific equipment is designed to apply currents as high as 4000 A.
The electrical resistance of the interface was measured using the Quantum Design PPMS equipment. The V-I curve was obtained from bonded Ni to PbTe sample to determine the type of contact resistance. Electrical currents used for the measurement were set between 7 mA and 100 mA. The frequencies of 100 Hz were used to avoid any Peltier effect in the sample. The final resistance of interphase and contacts with Ni and PbTe is obtained through subtracting the resistance values of PbTe and Ni plate from the total measured resistance of the Ni + PbTe sample.
The obtained microstructures at the interlayer of bonded samples after different welding times of 10, 15 and 20 s were analysed using a scanning electron microscope (SEM -JEOL JSM 7001F), which was equipped with energy dispersive X-ray spectroscopy (EDS). In order to prepare the cross-sections for analysis, they were mechanically polished down to 1 m and ion milled for 2 h using a Leica RES 101 Ion Miller.
Results and discussion
This study introduces rapid bonding of PbTe and Ni plate using a current-controlled spark plasma sintering technique. This method resembles welding and, in particular, resistance spot welding (RSW) [21] , resulting in the generation of molten material between the faying surfaces of the Ni and PbTe. The aim of this study was to utilise the commonly mentioned weld nugget of resistance spot welding as the means to form a diffusion barrier layer at the Ni/PbTe interface for use in thermoelectric application. In order to generate such a layer, the experimental welding parameters, including the electrical current, electrode force, and weld time must be optimised. These parameters are cardinal variables, for both RSW and current-controlled SPS, in order to attain desirable bonding. Nevertheless, other factors such as the electrode material and its geometry also affect the final welding product in RSW processes, whereas in the current-controlled SPS joining process, these elements remain constant. The electrode contact area is The sample made at 30 MPa showed no occurrence of bonding. This was due to the lower contact resistance induced by the increased pressure.
fixed to an area 12 mm in diameter in this study and the choice of material is graphite, which has lower electrical conductivity compared to the materials used for RSW such as copper [22] . The formation of an optimal interphase, during a similar procedure to RSW, requires an understanding of its primary variables: electrical current, weld time, and electrode force. The welding current is a critical variable for joining methods and often determines the quality of the cross-section and formation of the nugget [23] . A very low current is unable to produce sufficient heat at the contact between the surfaces, while a very high current results in extensive expulsion of molten material and consequently increases the porosity if the boiling point of the material is reached.
Usually in RSW processes, the initial welding parameters are determined based on welders' experience or empirical tables [24] , with the variables subsequently tuned according to the quality of the generated nugget, as determined from crosssections of workpieces. There are no parameters available in the literature, however, for welding Ni to PbTe. Therefore, we have adopted the initial parameters from our recent studies on joining Ni to PbTe using temperature-controlled SPS [19] .
The required electrical current value in RSW procedures is often optimised by gradual increases in value until the initial generated melt spatters between the workpieces. An electrical current of approximately 280 A pulsed DC was found to form an interlayer roughly 7.5 m in thickness in our most recent study [20] , which is shown in Figure S3 of the Supporting Information. In comparison, an electrical current of 250 A was obtained as the optimum value in this current study due to the use of direct current instead of pulsed DC. Lower electrical current is advantageous in this particular case, since less Joule heating will be generated on the PbTe side, which is beneficial to its thermoelectric properties [25] . Fig. 1(a) shows the supplied SPS energy during 10 s of bonding at pressures of 10, 20, and 30 MPa. The supplied energy, E (kJ) increases linearly with time in accordance with E = P × t, where P is the instant power (kW), and t the welding time (s).
The slope values of the lines in Fig. 1(a) determine the instant power supplied by the SPS equipment. Fig. 1(a) inset presents the variation in the supplied power as a function of welding time, at 10, 20, and 30 MPa. The observed differences in power at t = 0 are representative of the variation in the effect of the applied force on the contact resistance between the Ni and PbTe. It is clear that, at a given electrical current, increasing the pressure and consequently the force requires less supplied electrical power. This is due to the direct relationship between the force and the contact area, which consequently decreases the contact resistance [22] . The force applied on the workpieces by the electrodes must assure sufficient contact during the entire bonding process. A very high force reduces contact resistance, thus decreasing the generated heat, whereas a very low force can cause geometrical instability and expulsion of liquid phase due to disproportionate amounts of heat [26, 27] . The requirements for applied forces vary according to the mechanical properties of materials and the quality of the contact area [21] . At higher pressures, higher currents are required to generate the necessary heat for the PbTe/Ni reaction at the interface, which could damage the PbTe [25] . No reaction was observed at 30 MPa, whereas Fig. 1(b) and (c) illustrates the interphase obtained at 10 and 20 MPa, respectively, using 250 A and 10 s of welding time. Pressures as high as 30 MPa substantially decrease the contact resistance, indicating that electrical currents higher than 250 A would be required to initiate the PbTe/Ni reaction. On the other hand, the contact area between Ni and PbTe at pressures as low as 10 MPa are shown to be insufficient to generate a continuous diffusion barrier layer (Fig. 1(b) ), and geometrical instability has caused cracks between the layers. The intermediate pressure of 20 MPa was found to be the optimum value (Fig. 1(c) ) to join Ni and PbTe without defects. Nonetheless, further optimisation of the bonding time was needed to generate a smooth diffusion layer at the contact.
The welding time needs to be sufficient to generate enough heat for the reaction, but excess time leads to over-heating and expulsion of material. In order to investigate the heat supplied by SPS, or equally the Joule heating released by the assembly, temperatures were recorded during each of the bonding processes. The thermocouple used for temperature data collection is situated inside the graphite punch and roughly 3 mm below the Ni/PbTe contact area. The difficulties associated with accurate reading of the reaction temperature are due to radiation losses from the sample and the quick release of heat at the Ni/PbTe contact area, which makes the temperature to oscillate ( Figure S2 of the Supporting Information). These oscillations are caused by the equipment's proportional, integral, derivative (PID) controller and the intermittent release of heat from the Ni/PbTe contact area [20] . Similarly, the current method entails shorter bonding times, thus indicating lower temperatures than with the previous temperature-controlled SPS bonding method where it was optimised at 648 K (see Figure S2 (a) of the Supporting Information). Fig. 2 shows the measured temperatures during and after bonding as a function of time for different bonding times, with photographs of relevant pellets, as well as the fabricated interphase layers after bonding times of 15 and 20 s in Fig. 2(e) and (f) , respectively. The measured thermocouple temperature (solid lines) increases with welding time, with its maximum peak recorded by the thermocouple a few seconds after the respective bonding time was completed (with dashed lines indicating the bonding time). This delay occurred due to heat conduction through the sample and punch before reaching the tip of the thermocouple [20] (see details of the assembly in Figure S1 of Supporting Information). Samples bonded for 5 and 10 s presented no reaction, so that quick separation of layers occurred after removing the assembly from the SPS. This might be associated with insufficient Joule heating to induce reaction at the contact. Fig. 1(c) , however, shows that 10 s of bonding time were sufficient in that case for a partial reaction along the contact. This discrepancy in the bonding results after 10 s of welding time, with the interphase formed shown in Fig. 1(c) , is likely to be caused by either slight differences in surface qualities between the samples or the sensitivity of the SPS electronic functions. The employed SPS 10-4 apparatus is intended to supply high values of amperage with a maximum at 4000 A, and operating at 6% (250 A) of total power is not recommended due to non-linear output from the transformers and rectifiers in the equipment's electronics. It is worth noting that slightly rougher contact surfaces, as on the sample shown in Fig. 1(b) can affect the bonding by providing extra contact resistance, so more Joule heating is provided for the reaction. The thickness and surface quality of workpieces determine the reproducibility of results. In this study, the initial thicknesses of the Ni plate and bulk PbTe were carefully obtained at 0.27 and 1.5 mm, respectively, with both surfaces mechanically polished down to 1 m and ultrasonically cleaned to remove possible oxide residue. Nevertheless, it is a common practice in welding processes to tune the initial welding conditions to deal with small variations in the surface quality or oxidation of layers.
Successful bonding was achieved after the remarkable welding time of 15 s, compared to 5 min [20] or an hour [19] in our previous studies. Reports of Ni/PbTe bonding using HP [28] or plasma activated sintering (PAS) [29] indicate that much higher temperatures and times were required for sintering. The former method was performed at 873 K for 120 min to generate sporadic intermetallic particles along the contact between elements [28] , while the latter technique involved bonding at 1050 K for 540 s, with the sample demonstrating good electrical contact, with no sharp change in the voltage potential at the Ni/PbTe transition area [30] . No clear micrograph of the interface was provided, however. Fig. 2 (d) shows that 15 s of welding time is necessary to observe molten material spatter from the Ni/PbTe contact, which is indicative of optimal conditions. In addition, Fig. 2(e) presents an SEM image of the cross-section of the sample in Fig. 2(d) , where a smooth and continuous interlayer has been formed. This interphase is 3.2 m thick, so that it can efficiently act as a diffusion barrier layer separating Ni from PbTe. Fig. 2(b) and (c) presents samples obtained at 20, and 30 s. These holding times resulted in extensive expulsion of molten material from the interface, as indicated by the solidified bubbles on the samples' periphery, affecting their total geometries (separation of layers at 30 s) and reduced interlayer thickness (20 s welding time). This is in agreement with the RSW process, where melt expulsion of the weld nugget can result in porosity and even separation of bonded metal sheets during solidification [31] . Similarly, it is also due to melt expulsion that a decrease in the interphase thickness is observed from 3 m in Fig. 2 (e) for 15 s to 1 m in Fig. 2(f) for 20 s. Nevertheless, this bonding procedure requires that Pb, a by-product of the reaction, is expelled so to form a continuous and flawless diffusion barrier [19] . Simultaneously, the holding time must be short enough to avoid melting of the bulk PbTe. Fig. 3 presents the homogenous interphase generated at the interface in Ni/PbTe cross-sections, which were successfully bonded using the parameters 250 A, 20 MPa, and 15 s. Table 1 shows the chemical compositions of areas designated in Fig. 3 as Ni, ␤ 2 Ni 3±x Te 2 , and PbTe, respectively, from top to bottom. The interphase layer is identified as monoclinic Ni 3 Te 2 , which has crystallographic equivalence to the higher tetragonal crystal symmetry [20] . In this particular bonding procedure, based on controlling the electrical current, we are capable of forming an extremely thin effective diffusion barrier layer, which adds a small contribution to the total electrical contact resistance of the thermoelectric generator, thus improving the total performance. This reduction in average thickness of the interlayer to 3.3 m while maintaining effective separation of layers is a significant improvement from previous studies that showed interphase thickness of roughly 27 m [19] and 7 m [20] (seen in Figure S3 of the Supporting Information). Additionally, chemical and mechanical stability of generated interphase were previously studied by ageing bonded sample of Ni, ␤ 2 Ni 3±x Te 2 , and n-type PbTe at 823 K for 360 h [19] . The study concluded good integrity of interphase layer, while PbTe showed signs of sublimation. Furthermore, the current SPS method performs exceptionally well in terms of the formation of a fine and effective interphase when compared to similar Ni/PbTe joins made via HP [28] , where a non-continuous diffusion barrier layer is formed, limiting the device operating temperature due to the ongoing reaction between the layers. Fig. 4 shows the linear behaviour of the V-I curve obtained from bonded Ni to n-type PbTe, indicating an ohmic contact. The total resistance of sample (0.8 m) is obtained from the slope of the line in Fig. 4 . The resistance for PbTe bulk corresponds to 0.53 m, and that of Ni plate is 3.2 × 10 −3 m. Therefore, the resistance of interphase, Ni 3 Te 2 , and its contact with Ni and PbTe is equal to 273 .
Conclusions
We have introduced a current-controlled spark plasma sintering method to successfully bond Ni to PbTe in a few seconds, forming a thin 3 m diffusion barrier layer. The substantial reduction in bonding time achieved by this new approach has improved the quality of the joined counterparts, with no cracks or porosity observed on the PbTe material. This current-controlled SPS technique, which resembles common resistance spot welding, utilises Joule heating at the contact 
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